Most delivery systems for small interfering RNA therapeutics depend on endocytosis and release from endo-lysosomal compartments. One approach to improve delivery is to identify small molecules enhancing these steps. It is unclear to what extent such enhancers can be universally applied to different delivery systems and cell types. Here, we performed a compound library screen on two wellestablished siRNA delivery systems, lipid nanoparticles and cholesterol conjugated-siRNAs. We identified fifty-one enhancers improving gene silencing 2-5 fold. Strikingly, most enhancers displayed specificity for one delivery system only. By a combination of quantitative fluorescence and electron microscopy we found that the enhancers substantially differed in their mechanism of action, increasing either endocytic uptake or release of siRNAs from endosomes. Furthermore, they acted either on the delivery system itself or the cell, by modulating the endocytic system via distinct mechanisms. Interestingly, several compounds displayed activity on different cell types. As proof of principle, we showed that one compound enhanced siRNA delivery in primary endothelial cells in vitro and in the endocardium in the mouse heart. This study suggests that a pharmacological approach can improve the delivery of siRNAs in a system-specific fashion, by exploiting distinct mechanisms and acting upon multiple cell types.
INTRODUCTION
Interfering with gene expression has long been proposed as a potential therapeutic strategy. The combination of potent RNAi therapeutics and innovative delivery strategies has opened new opportunities to efficiently silence disease-associated genes at therapeutically relevant doses. Numerous delivery systems, such as viruses (1) , liposomes (2) , polycationic polymers (3), conjugates (4, 5) , and lipid nanoparticles (LNPs) (6) (7) (8) (9) (10) (11) , are now being used to deliver siRNAs in vivo. Advances in the development of these delivery technologies have enabled the entry of numerous systemic RNAi products into the clinic (12, 13) .
Nevertheless, existing delivery systems for siRNA delivery may still be further improved and particularly efficient systemic delivery to extra-hepatic cells and tissues remains a challenge (6, (14) (15) . Delivery is a multistep process consisting of targeting to the appropriate tissue and cell types, cellular uptake and escape of the siRNAs from the endosomes into the cytosol for loading on the RNA-induced silencing complex (RISC) (16) . Recently, significant emphasis has been placed on the targeting step and some solutions have emerged (17, 18) . Most notably, efficient systemic delivery to hepatocytes has been achieved by combining multivalent GalNAc ligands with advanced siRNA chemistry (19) . However, improving uptake and especially release of siRNA from unproductive intracellular compartments remains a challenge for many other tissues and cell types (6, 15) .
Recently, high throughput screening strategies have been applied to improve the composition (20) (21) (22) and physicochemical properties (23) of siRNA delivery systems. This approach has also been used to rapidly define the optimal conditions for efficient transfection (24) . An alternative approach is to identify chemical compounds that enhance the efficiency of existing siRNA delivery systems (25, 26) . However, to what extent such approach is a viable strategy remains to be determined. First, some chemical compounds could improve delivery of oligonucleotides by interfering with endocytic uptake, endosomal acidification and progression of cargo along the degradative pathway, as in the case of choloroquine or bafilomycin (27, 28) . This would increase the residence time of siRNAs in early endosomes leading to a higher probability of escape before degradation in late endosomes and lysosomes. However, such enhancers may not have sufficient potency and also induce high cell toxicity given the essential function of the endocytic system in cell homeostasis, signaling and metabolism (29) (30) (31) . Second, identifying compounds that enhance the escape of oligonucleotides from endosomes remains a challenge. This is because, with the exception of single molecule detection, the fluorescence microscopy methods do not have the adequate sensitivity and resolution to detect the few hundreds of molecules in the cytosol that are necessary for gene silencing (6, (32) (33) . Several approaches have been used to circumvent such a limit in the sensitivity of detection such as the use of high doses of fluorescently labeled oligonucleotides (34) , or unspecific markers like fluorescently labeled Dextran (26) or the colocalization with endosomal markers (26, (35) (36) (37) . However, these indirect approaches do not faithfully reveal the true state of siRNA escape from endosomes into the cytosol within the therapeutic concentration range. Therefore, more quantitative and higher resolution methods are necessary to assess the mode of action of oligonucleotide delivery enhancers under physiological conditions. Third, for compounds acting upon the endocytic system, it is unclear whether they can be active across multiple delivery systems or exhibit system-specificity and, fourth, whether they can enhance delivery in multiple cell types or rather display a narrow range of cell specificity.
Here, we screened a small molecule library aimed to improve the efficiency of gene silencing of two siRNA delivery systems, LNPs and cholesterol-conjugated siRNAs (Chol-siRNAs). Interestingly, comparison of the compounds identified from the two screens indicated that the majority were specific for either delivery system. By applying a combination of high resolution fluorescence microscopy and electron microscopy we found that the compounds have different modes of action, either acting upon the delivery system itself or upon the cellular machinery to either enhance uptake or increase endosomal escape. Finally, the compounds were also effective in physiologically relevant cell types, including cells that usually are refractory to delivery such as primary fibroblasts and hepatocytes in vitro, and endothelial cells in vivo.
MATERIALS AND METHODS

Animals
All animal studies were conducted in accordance with German animal welfare legislation and in strict pathogen-free conditions in the animal facility of the Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany. Protocols were approved by the Institutional Animal Welfare Officer (Tierschutzbeauftragter), and necessary licenses were obtained from the regional Ethical Commission for Animal Experimentation of Dresden, Germany (Tierversuchskommission, Landesdirektion Dresden). All procedures used in animal studies conducted at Alnylam Pharmaceuticals, Cambridge, U.S.A. were approved by the Institutional Animal Care and Use Committee and were consistent with local, state and federal regulations as applicable.
siRNA modification and formulation into lipid nanoparticles
The siRNAs used in this study target GFP (eGFP plasmid, Clonetech). The procedure used to produce LNP-siRNA, LNP-siRNA-alexa647 and LNP-siRNA-gold were extensively described previously (6) .
Cholesterol conjugates were made as described previously (38) .
Cell culture and cell lines
GFP-HeLa cells (39) were cultured in DMEM media complemented with 10% FBS and 1% penicillin-streptomycin at 37
• C and 5% CO 2 . Primary human fibroblasts (GM00041), obtained from Coriell Institute, were cultured and infected with Rab5-GFP as previously described (40) . Primary mouse hepatocytes and endothelial cells were obtained from GFP-lifeact transgenic mice (41) , following previously described isolation and culture protocols (42, 43) . When required the cells were seeded on 24 (for electron microscopy analysis) or 96 (for fluorescence microscopy analysis) well plates.
High throughput screening
GFP-HeLa cells were seeded in 96 or 384 well plates. Cells were transfected with a mixture of LNP-siRNA (5 nM) pre-incubated for 16 h with the compounds (10 M) or DMSO (MOCK). The library contains 45 567 diverse compounds with a subset of kinase inhibitors (75 compounds), FDA approved drugs (∼1000 compounds), pure natural compounds (∼400 compounds) and compounds selected on drug-like criteria (∼44 000 compounds). After 5h, the cells were washed and incubated with fresh media and fixed with PFA 4% 72 h after transfection. Nuclei were stained with DAPI and the cells were imaged (at least 25 fields per conditions) with a Perkin Elmer Operetta automated microscope (TDS, MPI-CBG, Dresden) and analyzed with Acapella and MotionTracking software (44) . Similar procedures were applied for Cholesterol conjugated-siRNA (250 nM) except that the compounds (10 M) or DMSO (MOCK) were not pre-incubated but freshly added to the cells. All transfections (LNPs and Chol-siRNA) were performed in serum containing media to mimic blood flow conditions. The chemical structures of the enhancers are shown in the Supplementary Figure S1A-C.
We determined the mean GFP intensity within the segmented nuclei instead of the total GFP intensity per field to exclude false positives of GFP reduction caused by variations in cell number (either due to toxicity or decreased proliferation). The toxicity of the compounds based on cell number is shown in Supplementary Figure S2 . We also used defined thresholds to select the enhancers. Compounds were considered as enhancers when they improved GFP silencing by at least 20%. In addition, compounds that reduced cell number by more than 35% were considered as toxic and, thus, excluded from the rest of the analysis. Few compounds that improved the Chol-siRNA silencing efficiently (#26, #29, #30, #41), but with a toxicity value slightly above the threshold, were retained. The rationale was that varying their concentration allows finding a window where they are active but non-toxic.
Importantly, to control for non-specific silencing, in addition to un-treated (UT) and DMSO treated conditions, we verified that the compounds did not decrease the GFP intensity when incubated alone (i.e. without the delivery system) with the GFP-expressing cells. All compounds showing a reduction in GFP mean intensity within the segmented nuclei without addition of LNPs or Chol-siRNAs were excluded from the hit list. We also tested whether the enhancers could transfect naked (non-formulated) siRNAs, to identify potential transfection reagents. We identified two compounds that have this property.
Knock-down assay
HeLa GFP cells, Rab5-GFP human primary fibroblasts and GFP-lifeact primary mouse hepatocytes were transfected with LNP-siRNA formulation preincubated or not with the compounds (following similar procedures as in the primary screen). After 72h, the cells were fixed with PFA 4% (pH 7.2 in phosphate buffer) for 20 min at room temperature. After washing, nuclei were labeled with Dapi and cytosol with SytoBlue. Acquisition and analysis of images (at least 25 fields per conditions) were done on an Arrayscan-VTI with TwisterII automated wide field microscope (TDS, MPI-CBG, Dresden).
Uptake assay
For the in vitro uptake assay, cells were transfected either with LNP-siRNA-alexa647 or with cholesterol conjugatedsiRNA-alexa647 treated or not with the compounds. Then, cells were fixed and stained as for the knock-down assay. Images were acquired on a Perkin Elmer Opera automated confocal microscope (TDS, MPI-CBG, Dresden) and analyzed on MotionTracking software (http://motiontracking. mpi-cbg.de) as previously described (6) .
To determine the endocytic pathway used by LNPs or Chol-siRNAs to enter the cell, we performed a depletion of key endocytic machinery as previously described (6) .
For the in vivo uptake assay, LNP-siRNA-alexa647, treated or not with BADGE, were injected in the heart cavity of sacrificed mice. Then the hearts were collected, washed extensively in PBS and fixed with PFA 4% overnight at 4
• C. Tissues were sliced on cryostat after OCT embedding and nuclei were stained with Dapi. Then, sections were mounted with mowiol and coverslip designed for high resolution observation. Images (at least 15 fields per conditions) were acquired on an Olympus Fluoview 1000 laser scanning confocal microscope (light microscopy facility, MPI-CBG, Dresden) equipped with an Olympus UPlanSApo 60x 1.35 Oil immersion objective. Images were analyzed on MotionTracking.
Determination of the mechanism of action
Two pilot screens were performed either by pre-incubating the compounds with the delivery systems overnight prior to adding them to the cells (pre-incubation condition), or by adding the compounds together with the delivery system directly to the cells (direct incubation condition). The pilot screens revealed that the pre-incubation condition increased the number of hits for LNPs but not for Chol-siRNAs. Therefore, we performed the full primary screen under the pre-incubation condition for LNPs and under the direct incubation condition for Chol-siRNAs. Since, all the identified enhancers for LNPs exert their effect with an overnight pre-incubation, a secondary screen was performed to determine which compounds are able to improve silencing under direct incubation condition.
From these two screens, we were able to distinguish compounds that improved GFP down-regulation by acting most probably on the LNPs from those that were not. In addition, we determined the compounds that act on the uptake or on the siRNA release. For this, we analyzed the uptake of alexa647-labeled siRNAs (incorporated in LNPs or cholesterol-conjugated) under pre-incubation (compounds that act on delivery systems) or direct incubation condition (compounds that act on cells). Compounds that significantly increased the amount of siRNA-alexa647 were considered as acting on uptake. Compounds that did not affect or reduce the amount of intracellular siRNA were considered as acting on siRNA endosomal release.
Electron microscopy
Morphological experiments were analyzed in a blind fashion using a code that was not broken until the quantitation was completed.
For electron microscopy analysis, HeLa cells were transfected with LNP-siRNA-gold and fixed with 2.5% glutaraldehyde (in phosphate buffer) overnight. Then, cells were post-fixed in ferrocyanide reduced osmium as previously described (45) . Cells were dehydrated in increasing bath of ethanol for 10 min, infiltrates with mixture of ethanol and epon (3:1 and 1:3) and pure epon for 1h. After epon polymerization overnight at 60
• C, the 24 well plates were broken and pieces of epon were glued on epon sticks. 70-50 nm sections were then cut and stained with uranyl acetate and lead citrate following classical procedure. Supermontages of 100 images were randomly collected at 11000x magnification on a Tecnai 12 TEM microscope (FEI) (electron microscopy facility, MPI-CBG, Dresden) and the stitching of the images was achieved by using Nucleic Acids Research, 2015, Vol. 43, No. 16 7987 the open access software Blendmont (Boulder Laboratory, University of Colorado, USA).
To quantify the total uptake as well as the ratio of structures labeled versus unlabeled in a reliable manner, a stereological approach based on randomly distributed crosses was applied allowing relative loading index calculation and normalization of the number of structures counted (46) . To quantify the ratio of siRNA escape from endosomes, we developed a plugin for automatically counting the total number of gold particles per montage. Images were processed by performing morphological bottom-hat filtering on the grayscale input image (47) . The structuring element used for this was a circle of a radius bigger than the object of interest (radius 4). Following this, we performed image equalization to the interval [0;1] and thresholding with a threshold set at 0.3. The binarized images were then analyzed by the watershed transform to split contiguous gold particles. A last post-processing step was performed to remove uncertain gold particles (particles having the average intensity value less than 5 standard deviations of the median intensity value in the whole image). Then, for a set of images, the number of particles were automatically counted and manually counted with an error rate determined to be <1% confirming that our procedure succeeded in correctly identifying gold particles. Finally, the procedure was applied to determine the total number of gold particles in the images. In addition, the number of gold particles was counted manually within the cytoplasm based on morphological recognition. For this analysis, we selected three pieces of epon containing cells incubated for 6 h with LNP-siRNA-gold. For each piece, we cut several sections that were collected on eight grids. Among these eight grids covering a large portion of the cells, we randomly picked three grids. Five super-montaging, at random places but in areas containing cells, were made for each grid. The super-montaging covered approximately two cells. In each experiment we analyzed approximately 45 super-montaging corresponding to about 90 cells per condition. We analyzed three independent experiments, amounting to ∼270 cells per condition. For each condition we counted automatically at least 100 000 siRNA-gold particles.
Quantitative multiparametrics image analysis
Quantitative multi-parametric image analysis was performed in two sequential rounds of calculations. In the first round, aiming at the identification of fluorescent vesicles, the image intensity was fitted by a sum of powered Lorenzian functions (48) . The coefficients of those functions were then used to describe the features of individual objects (e.g. intracellular position relative to the nucleus, size, intensity, total vesicular intensity, etc.). Additionally, nuclei and cells were identified by a pipeline involving several operations from morphological image analysis (47) . Briefly, nuclei were found by a maximum-entropy based local thresholding and cells by a region growing algorithm based on the watershed transform. In the second round, a set of statistics was extracted from the distributions of the endosome parameters measured in the first round. Statistical filters based on the mean intensity of the fitted object were then applied to remove the background and the unspecific staining (using control image with secondary antibody alone). This set of values, that quantitatively describes the fluorescence information of every channel in the image, has been used for comparing the different conditions as previously described (44) .
Co-localization analysis was performed by assessing the percentage of overlapping objects. Object 'A' in channel '1' is considered to co-localize to object 'B' in channel '2' if the integral intensity profile of A overlaps to the one of B more than a user-defined percentage threshold, here set to 40%. Co-localization was calculated both by number (percentage of LNP vesicles that are positive for LAMP) and by intensity volume (percentage of LNP amount in the LAMPpositive compartment). The described approach is more powerful than classical correlation and pixel co-occurrence analyses, since it allows us to (i) discriminate between background and foreground (object) fluorescence and (ii) interpret the results in terms of percentage of structures that are localized to objects in another channel of interest.
Statistics
Data were expressed as the mean ± standard error of the mean (SEM). Statistical analysis was determined using ANOVA test followed by Student T-test test. The two-tailed P value were added within the figure or the figure legends.
RESULTS
LNPs and cholesterol conjugate siRNA delivery systems have different uptake mechanisms
We aimed at improving the efficiency of two well-established siRNA delivery systems, lipid nanoparticles (LNPs) and cholesterol-conjugated siRNAs (Chol-siRNAs) (9, (49) (50) (51) by performing a high throughput screen to discover small molecule delivery enhancers. Given that these two delivery systems differ fundamentally in composition, size and morphology, we hypothesized that their mechanism of action may differ significantly. Therefore, we first investigated their mechanism of uptake and endocytosis.
The siRNAs were labeled with Alexa Fluor 647 and formulated in LNPs (6) or conjugated to cholesterol. Internalization in HeLa cells could be visualized ( Figure 1A ) at concentrations sufficient for efficient silencing of targeted genes, in vitro ( Figure 1B ) as previously shown in vivo (38, 42) . Chol-siRNAs uptake behaved like free cholesterol (52), yielding both diffuse staining and a punctate pattern. In contrast, siRNAs encapsulated in LNPs only displayed a punctate pattern ( Figure 1A ). Such difference in properties may entail different mechanisms of association with the plasma membrane and cellular uptake. To test this, we depleted various regulatory components of the endocytic machinery and analyzed the effects on uptake. The internalization of cholesterol is thought to be mainly mediated by LDL receptor endocytosis upon interaction with serum lipoproteins (53, 54) . Consistent with this, we found that the uptake of Chol-siRNAs required mainly components of clathrin-mediated endocytosis (CME) ( Figure 1C ), in contrast to LNP which enter via both CME and macropinocytosis (6). Moreover, the uptake kinetics of Chol-siRNA and Quantification of the percentage of GFP downregulation in HeLa GFP-expressing cells and primary mouse hepatocytes expressing Lifeact-GFP exposed to 40 nM of LNP-siRNA and 1 M of Chol-siRNA (n = 3, mean ± SEM). (C) Chol-siRNAs-alexa647 uptake in HeLa cells after silencing of dynamin (DNM1L), clathrin light chain (CLTC), Caveolin (CAV1), CDC42 (for clathrin-independent endocytosis)) and RAC1 (Macropinocytosis). Mean ± SEM, n = 3, P-value relative to control. (D) Uptake kinetics of LNP-siRNA-alexa647 (40 nM, red curve) compared to Chol-siRNA-alexa647 (250 nM, green curve).
LNPs were markedly different. Chol-siRNA was internalized quickly and followed a Gaussian curve ( Figure 1D ). The decrease in intracellular Chol-siRNA over time can be explained by depletion of LDL receptor on the cell surface or increase in efflux as previously observed for cholesterol (55, 56) . The increased intracellular Chol-siRNA upon CAV1 knock down ( Figure 1C ) may be explained by the role of caveolin in the cholesterol efflux as recently shown (57) . This process that avoids an excess of Chol-siRNA within the cell could have important impact on the silencing efficiency of this particular conjugate. In contrast, the uptake of LNPs was delayed in time and followed an exponential curve (Figure 1D) , as shown previously (6) . Altogether, these data indicate that the two siRNA delivery systems differ in the way they enter the endocytic pathway. Therefore, we rationalized that separate screens would need to be carried out for the two systems, as unique compounds may emerge for each.
A high throughput chemical screen allows identification of compounds that improve siRNA delivery
To identify chemical compounds that improve siRNA delivery, we screened both delivery systems with the same library of compounds. We performed our primary screen in HeLa cells, a cell line easy to culture in a screenable format and which exhibits the key general features of the mammalian endocytic pathway. The cells constitutively express green fluorescent protein (GFP) for direct readout of RNAi-mediated silencing by quantitative fluorescence microscopy. To exclude chemicals that may affect GFP translation or nuclear localization, the compounds were also tested alone, i.e. in the absence of siRNA. In a second step, we validated the results by performing a secondary screen in primary cells, fibroblasts and hepatocytes, to assess the crossactivity between cell types and species. Our primary assay consisted of GFP-expressing HeLa cells transfected with suboptimal doses of either LNPs or Chol-siRNAs with an anti-GFP siRNA. We optimized the assay to obtain reduction in GFP expression of only about 20% as measured by quantitative fluorescence microscopy. As a pre-requisite for the screen, we verified that under the same conditions silencing could be boosted to higher than 80% by adding transfection reagent (see GFP-positive versus -negative cells in Figure 2A) . This demonstrated that the amount of siRNA per se was not limiting, but rather cellular uptake and/or escape from the endolysosomal system was suboptimal. Therefore, the experimental conditions used were appropriate to bias the screen toward compounds, which could improve these specific steps.
We initially performed two pilot screens on a small set of compounds, with or without overnight pre-incubation of the compounds with the delivery system prior to adding the mixtures to the cells. The pilot screens revealed that an overnight pre-incubation increased the number of hits for LNPs but not for Chol-siRNAs. Therefore, such a preincubation step was incorporated in the LNP screen, but not in the Chol-siRNA screen. Under these conditions, all the identified LNP enhancers will work with an overnight preincubation with the LNPs, whereas those improving CholsiRNAs silencing will work upon direct contact with the cells. The scheme of the assay protocol used in the screen is shown in Figure 2A . After 5 h of incubating the cells with the compound (10 M) and siRNA mixtures, the medium was replaced by fresh medium, and the cells were further incubated for 72 h. Thereafter, cells were fixed, nuclei were stained with Hoechst and the GFP expression was quantified on an automated fluorescence microscope. In order to exclude toxic compounds, enhancers were considered when the mean GFP intensity per cell decreased by > 20% but the number of cells (nuclei) decreased by <35%. Of the 45 567 compounds tested in both delivery systems, 25 and 28 compounds (see the structures provided on Supplementary Figure S1A-C) improved the silencing activity of LNPs and Chol-siRNAs, respectively ( Figure 2B, C) . Silencing efficiency reached up to 80% without (or with very limited) toxicity for the cells (Supplementary Figure S2A, B) . Strikingly, only two compounds (#5 and #18) were found to improve silencing in both delivery systems. These compounds were also able to induce silencing with non-modified, commercially available siRNAs (Supplementary Figure S3) , suggesting that they may act as general transfection reagents. Importantly, all other identified hits reduced GFP expression only in conjunction with their respective delivery systems. We examined the dose response of the hit compounds and determined their IC 50 to be in the low micromolar range ( Figure 2D ), with very limited or no toxicity up to 10 M (Supplementary Figure S4) . Therefore, the screen identified chemical compounds that improve siRNA delivery specifically for each of the LNPs and Chol-siRNA delivery systems.
Compounds identified in a high throughput chemical screen efficiently improve siRNA delivery in primary cells
We previously demonstrated that different cell types differ in their siRNA delivery mechanism (6) . Can the enhancers identified in the screen improve delivery in different cell types? To test this, we performed a screen in human primary fibroblasts and mouse primary hepatocytes. First, we tested all compounds identified with their respective siRNA delivery systems in the fibroblasts. We chose these particular cells because they internalize LNPs inefficiently and, consequently, are also poorly transfected (6) . This screen revealed that 18% of the LNP hits ( Figure 3A ; #1, #4, #15 and #24) and 21% of the Chol-siRNA hits ( Figure 3B ; #5, #18, #28, #29 and # 47) identified in HeLa cells improved the efficiency of GFP silencing by 1.5-to 4-fold also in those cells. Some compounds (3 LNP and 3 Chol-siRNA hits; #11, #12, #20, #26, #32 and #39), however, demonstrated toxicity in the primary fibroblasts (Supplementary Figure S2C,  D) .
Unlike fibroblasts, hepatocytes internalize LNPs efficiently. Therefore, we tested the compounds in mouse primary hepatocytes to determine whether they can enhance the silencing also in these cells. However, since these cells are not well suited for high throughput screening, we tested a random sample of the full set of hits, consisting of 15 hits from the LNP screen and 4 from the Chol-siRNA screen. Seven compounds (46%) from the LNP screen and 1 compound (25%) from the Chol-siRNA screen improved the silencing efficiency (Figure 3C , D; #6, #11, #14, #16, #21, #23, #25 and #49). However, increasing the concentration In the top panels, the concentration of siRNAs was fixed to 5 nM for LNPs (red lines) and to 250 nM for cholesterol-conjugates (blue lines), and the concentration of the compounds was increasing from 0 to 18 M. In the bottom panels the concentration of the compounds was fixed to 10 M, and those of the delivery systems were increasing from 0 to 30 nM for LNPs (red lines) and from 0 to 600 nM for cholesterol conjugate (blue lines). The black dotted lines represents the respective DMSO treated delivery systems The toxicity at various doses of compounds was determined based on cell numbers (Supplementary Figure  S4) and could be considered as not very significant for all the compounds at 10 M. . UT = untreated, † = cytotoxic effect. Mean ± SEM, n = 3 (*P-value < 0.05, **P < 0.01). The toxicity was determined based on cell numbers (Supplementary Figure S2C) . The yellow bar represents the SEM of the DMSO treated condition. (B) Percentage of GFP intensity in human primary fibroblasts expressing Rab5-GFP after Chol-siRNA-based silencing of GFP treated with the identified hits ([Chol-siRNA] = 250 nM and [Compounds] = 10 M). † = cytotoxic effect. Mean ± SEM, n = 3 (*P-value < 0.05, **P < 0.01, ***P-value < 0.001). The toxicity was determined based on cell numbers (Supplementary Figure S2D) . The yellow bar represents the SEM of the DMSO treated condition. (C) Percentage of GFP intensity in mouse primary hepatocytes expressing Lifeact-GFP after LNP-based silencing of GFP treated with the identified hits ([LNP-siRNA] = 5 nM and [Compounds] = 10 M). Mean ± SEM, n = 2 (*P-value < 0.05, **P < 0.01). The yellow bar represents the SEM of the DMSO treated condition. (D) Percentage of GFP intensity in mouse primary hepatocytes expressing Lifeact-GFP after Chol-siRNA-based silencing of GFP treated with 10 M (black bars) or 15 M (striped bars) of the identified hits. Mean ± SEM, n = 2 (**P-value < 0.01, ***P < 0.001). The yellow bar represents the SEM of the DMSO treated condition. from 10 M (used in the screen) to 15 M improved the KD efficiency in hepatocytes, as shown for compounds #27, #36 and #49, suggesting that more compounds could be active at higher doses. Note that we did not observe hepatocyte toxicity at these doses (Supplementary Figure S2E, F) . This analysis revealed that the compounds that improve silencing in fibroblasts are not efficient in hepatocytes and, conversely, those active in hepatocytes are inefficient in fibroblasts.
Altogether, our results demonstrate that some of the hits identified in HeLa cells were also active across different cell types, including primary cells with very different origin and characteristics.
Compounds can improve uptake or endosomal escape
The finding that there was little overlap between compounds acting on fibroblasts and hepatocytes may reflect a different mechanism of action of the compounds. Since the LNPs and Chol-siRNAs were directly added to the cells, the hits could either increase the uptake or improve the release of the siRNAs from intracellular compartments. To discriminate between the two scenarios, we analyzed the impact of the hits on the uptake of LNPsiRNA-alexa647 or Chol-siRNA-alexa647 in HeLa cells ( Figure 4A ). We found that 56% and 64% of the compounds were able to strongly increase the uptake of LNPs and Chol-siRNA, respectively ( Figure 4B ). This increase is exemplified by the higher intensity of fluorescent siRNAs in endosomes delivered via LNPs in cells incubated with BADGE (#1, Bisphenol A diglycidyl ether; 2,2 -[(1-methylethylidene)bis(4,1-phenyleneoxymethylene)]bisoxirane) and via Chol-siRNAs in cells treated with compound #29 (Tetrandrine), compared with control ( Figure 4A ). Interestingly, 11 compounds out of 25 for the LNPs and 5 out of 14 for the Chol-siRNAs did not significantly increase cellular uptake ( Figure 4B ), as shown for the compound designated as #2 (CPW1-J18) and #35 (Lomatin) ( Figure 4A ). These compounds in all likelihood improve delivery by enhancing the intracellular release of the siRNA from endo-lysosomal compartments (see below). The uptake of LNP-siRNAs or Chol-siRNAs is a multi-step process that requires binding to the plasma membrane and/or to a specific receptor (LDLR for LNPs (6,8)) followed by internalization. Similarly, the release of siRNAs from endosomes requires the unpacking of the siRNAs from the particles before they can cross the endosomal membrane to reach the cytosol. The identified enhancers may act on one or several of these steps to improve silencing.
To gain insights into the mode of action of the LNP enhancers, we tested whether they can improve silencing upon immediate contact with the cells as compared to an overnight pre-incubation. To this end, the silencing enhancers were either pre-incubated with the cells or were added to the cells concomitantly with the delivery systems. The rationale behind this experiment is that if a compound were acting primarily on the cell, we would expect its silencing enhancer effect to occur also when added to the cells prior to adding the siRNAs, whereas an action on the delivery platform would depend on a prior pre-incubation with the siRNAs. By this criterion, 28% of the enhancer compounds were active only when pre-incubated with the LNPs (Figure 4B ; black bars) whereas the remaining 72% were active upon direct incubation with the cells (Figure 4B ; gray bars). Interestingly, almost all compounds that improved silencing activity presumably by facilitating endo-lysosomal escape were active upon direct incubation with the cells, suggesting that they act upon the cellular machinery. We found that the enhancers that act only when pre-incubated with the LNPs are more active in increasing the uptake than those acting upon direct incubation with the cells ( Figure  4B ; black bars versus gray bars), suggesting that they may directly impact on the LNPs and facilitate their endocytosis.
To explore the mechanism whereby the compounds enhance the siRNA activity, we focused on two of the most active compounds, BADGE and CPW1-J18 impacting LNPmediated delivery. We used the analytical electron microscopy methodology previously developed (6) to quantify the uptake and escape of LNPs encapsulating gold-labeled siRNA ( Figure 4C ). Among the LNP hits, BADGE and CPW1-J18 had the strongest positive effect of GFP downregulation in their respective categories, e.g. improving uptake or endosomal release ( Figure 4B and Supplementary Figure S5 ). This assay was limited to LNPs, since covalent attachment of gold particles to Chol-siRNA can be expected to substantially impact uptake and trafficking.
By using this approach, we first confirmed that BADGE increased the uptake of LNPs as indicated by the 15-fold increase in the amount of siRNA-gold internalized by the cells ( Figure 4D) . Moreover, the ratio of siRNA-gold in the cytosol versus the total amount internalized was not increased ( Figure 4E ). These results suggest that BADGE acts exclusively on the uptake rather than on the release of siRNAs from endosomes. In contrast, CPW1-J18 was found to slightly reduce the total amount of siRNAs-gold internalized ( Figure 4D ) while increasing the ratio of siRNA-gold in the cytosol versus the total amount internalized by ∼5-fold ( Figure 4E ). These results suggest that CPW1-J18 improves the release of siRNAs from endosomes. Overall, the total amount of cytosolic siRNA-gold was significantly more elevated with BADGE and CPW1-J18 treatment compared to DMSO (Figure 4F ), as evidenced by the EM images (arrows in Figure 4C ). Our results suggest that the compounds identified act via two different mechanisms, improving either uptake or endosomal escape.
Endosomal escape of siRNA can be enhanced via different mechanisms
We can envisage various mechanisms whereby the chemical compounds can facilitate endosomal escape. One possibility is that they prevent lysosomal acidification similar to choloroquine or bafilomycin and/or progression of cargo along the degradative pathway (28) . Interestingly, hydroxychloroquine and bafilomycin were not hits in the screen, neither for LNPs nor Chol-siRNA. This discrepency could be explained either by the fact that the compound concentrations in the screens were different than those reported (58, 59) , or that they also inhibit endocytosis (60) (61) 6 ). An alternative possibility is that some compounds lo- Mean ± SEM, n = 3 (*P-value < 0.05, ***P < 0.001). (E) Semiautomated quantification of the ratio between the number of cytosolic siRNA-gold and the total number of siRNA-gold internalized (representing the percentage of siRNA escape). Mean ± SEM, n = 3 (*P-value < 0.05). (F) Semi-automated quantification of the number of cytosolic siRNA-gold per m 2 of cells. Mean ± SEM, n = 3 (*P-value < 0.05, ***P-value < 0.001).
cally destabilize the endosomal membrane thus increasing leakage of content from the lumen (62, 63) .
To explore the effects of the compounds on the endosomal system, we performed a focused screen on the candidate compounds for endosomal escape at the same concentration as in the RNAi enhancement primary screen (10 M) using an image-based assay that quantitatively measures the uptake of EGF and transferrin, as described (64) . Quantitative multi-parametric image analysis (QMPIA) was applied for a phenotypic description of the effect of each compound on the endosomal network (endosome number, size, intracellular position, etc.) (44) . We then compared the multiparametric profiles across the compounds and with respect to hydroxychloroquine, because this compound has a characteristic phenotypic signature of blocked endosome acidification and maturation. The compounds had very different effects on the endosomal system ( Figure 5 ). For LNP enhancers, the phenotypic profiles of the compounds could be grouped in four distinct categories. In the first category, the profiles correlated with that of hydroxychloroquine (Figure 5A ), suggesting that these compounds have a similar inhibitory effect on endosome acidification and/or maturation. In contrast, the second category was anti-correlated ( Figure 5B) , ruling out such an inhibitory effect. The third, which contains only compounds #7, was neither correlated nor anti-correlated with the hydroxychloroquine profile ( Figure 5C ), suggesting that it affects endocytic trafficking but by a mechanism distinct from endosome maturation. The fourth category is very interesting because none of the compounds in this group were found to have a significant impact on cargo endocytosis and the endosomal parameters ( Figure 5D ). These enhancers therefore do not appear to have a strong influence on endosomal transport and are candidates for improving escape through destabilization of the endosomal membrane.
For the Chol-siRNA enhancers, we could distinguish only two categories, none of which was correlated with hydroxychloroquine. The first category was anti-correlated ( Figure 5E ) and the second had no correlation with the profile of hydroxychloroquine, suggesting again an action that is distinct from a block of acidification and/or endosomal maturation. Among these compounds, #35 (Lomatin), was particularly interesting because of its uncoupling between the effect on EGF and transferrin endocytosis ( Figure 5F ; light green bars). This uncoupling suggests that compound #35 act specifically on the endocytic/recycling pathway.
Altogether, these results demonstrate that the compounds have very distinct effects on the endosomal system and suggest that they enhance endosomal escape by different mechanisms.
BADGE treatment increases cell delivery and kinetics through LNP size reduction
To determine the mechanism of action underlying the enhanced uptake, we focused on BADGE (compound #1) since it had the strongest effect on LNP uptake. By EM negative staining analysis of LNPs treated with BADGE, we found that this compound had an effect on the nanoparticles themselves ( Figure 6A) , consistent with the predictions from the incubation analysis ( Figure 4B ). Indeed, this enhancer was capable of reducing the size of LNPs by ∼2-fold ( Figure 6A ). This reduction in size was associated with a dramatic acceleration of uptake kinetics ( Figure  6B ). Therefore, the activity of BADGE could result from the facilitation of the entry mechanism used by LNPs. We tested this hypothesis by interfering with different endocytic routes. Strikingly, we found that the uptake of LNPs exposed to BADGE is much less sensitive to the knock-down of clathrin, ARF-1 and RAC-1 compared to the control ( Figure 6C) , suggesting that the smaller LNPs are captured through a broader set of endocytic mechanisms.
The finding that BADGE modifies the physicochemical properties of LNPs to improve uptake both in HeLa cells and primary fibroblasts in vitro, prompted us to test whether it can also enhance the delivery of siRNAs in other cell types in vitro and within a tissue. We focused on endothelial cells, which are important in a number of diseases and difficult to transfect with siRNAs. First, we looked at the effect of BADGE treatment on LNP-based siRNA delivery in primary endothelial cells ( Figure 7A ). We found that BADGE-treated LNPs were delivered twice as efficiently as control LNPs in these cells ( Figure 7A, B) . Consistently, this increase in uptake was accompanied by a similar (∼2-fold) increase in silencing activity, as determined by analyzing the GFP intensity in primary endothelial cells isolated from GFP-lifeact transgenic mice ( Figure 7A bottom panel and Figure 7C ). Second, to test whether BADGE could improve delivery to the endothelium in a whole tissue, we injected BADGE-treated LNPs into the heart of mice. LNPs pre-treated with BADGE were strongly captured by the endocardium cell layer as evidenced by the numerous fluorescent vesicles ( Figure 7D ). The quantification of the number of vesicles loaded with LNP-siRNA-alexa647 revealed that the treatment with BADGE increased the uptake in the endothelial cell in vivo by ∼14-fold ( Figure 7E) .
Altogether, our results demonstrate that performing a screen of chemical compounds in HeLa cells allowed the identification of small molecules that efficiently improve the silencing in several cell types having different properties and functions such as skin fibroblasts, hepatocytes and endothelial cells.
DISCUSSION
In this study, we performed a chemical library screen and identified compounds that improve the activity of siRNAs delivered to cells via LNPs and Chol-siRNAs. An interesting result was that we found fundamental differences in the cellular routes used by the two delivery systems, and most compounds identified acted upon one delivery system but not the other. Furthermore, using a combination of quantitative fluorescence light and electron microscopy we identified compounds that act on two distinct bottlenecks of siRNA delivery (6), the uptake of siRNAs by cells and their release from endosomes into the cytosol. We would like to emphasize that without these methods it is impossible to accurately determine the intracellular localization and fraction of siRNAs that could escape from the lumen of the endosomes into the cytosol without overloading cells with siRNA doses beyond the therapeutic range or using unspecific and biased 'escape' markers (26, (34) (35) (36) (37) . This is Figure 5 . Comparison of multi-parametric profiles of the enhancers on EGF and transferrin endocytosis. HeLa cells were incubated with the enhancers (10 M), allowed to internalize fluorescently labeled EGF and transferrin, imaged and analyzed as described (44, 64) . LNP enhancers had profiles correlated (A), anti-correlated (B) or not correlated (C) with the endocytic profile of hydroxychloroquine (Black bars) or (D) having very modest effects on endocytosis. The profiles of Chol-siRNA enhancers were anti-correlated (E) or not correlated (F) with hydroxychloroquine (Black bars). The yellow, green and pink background color represents the EGF parameters, the transferrin parameters and co-localizations parameters, respectively. The detailed list of parameters is presented in Supplementary Figure S7. because the efficacy of endosomal escape is typically very low even with the best delivery systems (6) and the number of molecules that are required to load onto the RISC complex for silencing is below the detection sensitivity of the conventional fluorescence microscopy (32, 33) . Furthermore, several compounds identified in the screen on HeLa cells could also improve siRNA delivery in other cell types, such as primary fibroblasts and hepatocytes, arguing that they act upon conserved molecular mechanisms. In particular, those compounds that enhance endosomal escape appear to exert their effects on the cells rather than the delivery systems. In addition, we demonstrated that compounds selected based on their mechanism of action in HeLa cells are able to enhance delivery in cell types usually refractory to transfection. Thus, our study provides proof of principle for the use of chemical screens to improve siRNA delivery in a system-dependent fashion.
By performing a secondary screen where the LNP enhancers were directly incubated with HeLa cells, i.e. without a pre-incubation, we could distinguish two classes of enhancers, one that required the pre-incubation and a second that did not. Our interpretation is that the compounds that required the pre-incubation step likely act on the LNP itself. The lack of efficiency when the enhancers are directly added to the cells is presumably due to the dilution in the medium. On the other hand, compounds that did not re- quire the pre-incubation are less likely to modify the LNPs and expected to act primarily on the cells. Strongly supporting this interpretation, the analysis of BADGE, which requires overnight pre-incubation, revealed that it acts upon the structure of LNPs, reducing their size. There is an optimal size range of LNPs activity (65). Increasing particle size was found to reduce silencing in hepatocytes but increase it in antigen presenting cells (34) . In principle, decreasing the size of the particles could improve the uptake by gaining access to more tissues and cellular entry routes. Recent technical developments using microfluidic mixing technologies have enabled the formulation of siRNAs in LNPs as small as 25 nm (66) . However, such a reduction in size occurs at the expense of a decreased payload of siRNA (67) . In our experiments, the mean number of gold-siRNA per LNP was similar in DMSO and BADGE-treated LNPs (7.77 ± 0.37 and 7.86 ± 0.5, respectively) (Supplementary Figure S6) , arguing that the reduction in size is not due to fission but rather to particle compaction. This means that BADGE reduced the size of the LNPs without sacrificing the payload of siRNA. Interestingly, Dahlman and colleagues found that new polymeric nanoparticles were able to deliver siRNAs into endothelial cells rather than hepatocytes (68) . The size of these particles was between 35 and 45 nm, in the range of LNPs modified by BADGE. Based on the chemical structure of BADGE, we can envisage a possible explanation for its activity in the compaction of the particles. BADGE could insert into the LNP lipid structure mediated by hydrophobic and stacking --interactions due to the aromatic rings of BADGE and cis double bonds from the lipid (Supplementary Figure S8) . Close proximity to the dimethyl amino head groups may even lead to lipid crosslinking through epoxide opening and alkylation of the amino groups. This would increase the density of positively charged quaternary head groups of the amino lipid, resulting in enhanced interactions with the negatively charged siRNA backbone and a more condensed LNP structure. Clearly, more work is necessary to determine the mechanism of action of BADGE and its impact on (i) the lipid composition of the LNPs, (ii) the LNP charge density, and (iii) the abilities of LNPs to get opsonized. Further analysis of BADGE and other compounds could thus lead to new approaches for the synthesis of LNPs of small and homogeneous size, but high siRNA payload and widespread bio-availability in an organism.
Other compounds, such as CPW1-J18, increased the escape of siRNAs from endosomes. First, these compounds also elicited their effect when administered to cells prior to the addition of the siRNAs, suggesting that they act upon the cells, presumably on the endosomal system. Sec- ond, they did not alter the efficacy of uptake. In the case of CPW1-J18, we measured an increase in the ratio of siRNAgold in the cytosol versus the total amount internalized. To our knowledge, this is the first quantitative and direct evidence of enhanced release of siRNAs from the endosomal lumen into the cytosol. Although CPW1-J18 was originally developed as Rab GGTase inhibitor (69), its mode of action for siRNA delivery may be different. It has been proposed (70) that blocking endosomal maturation may increase the time window during which the siRNAs can be released from the endosomal lumen. Indeed, we previously demonstrated that the release of siRNAs delivered by LNP occurs in a specific stage of endosomal transport (6) . Surprisingly however, neither hydroxychloroquine nor Bafilomycin were hits in our screen. Yet, they were active as judged by their multiparametric profiles. One possibility is that inhibiting endosomal acidification per se and slower endosomal progression may not be sufficient to significantly increase delivery of the siRNAs by the particular systems used and under the stringency of our experimental conditions (low siRNA concentrations, compounds concentration, incubation, threshold of detection, etc). Another possibility is that chloroquine and bafilomycin improve siRNA release but concomitantly decrease in LNP uptake, as they are known to inhibit receptor mediated endocytosis (6, (60) (61) . In contrast, the enhancers we identified do not significantly reduce LNP uptake as compared to DMSO (see Figure 4B ). Undoubtedly, a preferred strategy would be to enhance escape of siRNAs from endosomes.
Analysis of the effect of the compounds on the endocytic system and on different cell types provided some important clues on their respective mechanisms of action. Using hydroxychloroquine as reference compound that alters endosomal maturation we could profile the compounds with respect to this mechanism. We found that several compounds had a phenotypic profile similar to hydroxychloroquine. On this basis, one could interpret that they may indeed alter endosomal acidification and/or maturation. However, the finding that such compounds were not active on all cell types tested speaks against this interpretation. For example, the activity of CPW1-J18 in fibroblast is modest (Figure 3) , arguing that its mechanism of action may still differ from that of hydroxychloroquine, which is a lysosomotropic agent active on a wide spectrum of cells. Therefore, increasing the residence time in the endosomes may not be sufficient to significantly enhance the release of siRNAs into the cytosol and CPW1-J18 and similarly active compounds may have some additional effect. In addition, most compounds had a very different profile from hydroxychloroquine. Among those compounds, #35 (Lomatin) appeared to effect specifically endocytic/recycling cargo (as visualized by the specific alteration on Tf but not EGF trafficking). However, for LNPs none of the enhancers had a similar profile to #35. Strikingly, a group of enhancers did not have detectable effects on the endosomal system. These compounds are candidates for destabilizing endosomal membranes, as it has been proposed for larger cationic and amphipathic cell-permeating peptides (71, 72) , or for fusion with the limiting membrane as shown for intra-luminal vesicles (73) . Altogether, our results suggest that enhancers may facilitate the escape of siRNAs from endosomes by a variety of mechanisms.
Interestingly, the vast majority of compounds active on one delivery system were not active on the other. This supports the idea that the compounds do not share a common mechanism but enhance siRNA delivery depending on the system. In contrast, enhancers within a delivery system did show an appreciable level of activity between different cells, but depending on the cell type. For example, 60% of the compounds (both for LNPs and Chol-siRNAs) increased uptake in fibroblasts, cells for which uptake is typically inefficient. In contrast, only 20% of the compounds increased uptake in hepatocytes, which are normally proficient in internalization. Therefore, the knowledge of the mode of action of the compounds may help predicting which cell type may be predisposed to the specific effect of a given compound on delivery.
The endocytic pathway is largely conserved between cells. Although most compounds identified in the screen improved delivery for only one delivery system, it is possible that the principle behind their mechanism of action may be applicable to multiple delivery systems of the same class and shared between different cell types. The compounds that improved the particular LNPs used here may also improve nanoparticles of different chemical composition. Likewise, those that improved the Chol-siRNAs might have similar effects on other siRNA-conjugate types. Nevertheless, several of the compounds identified were active on different primary cells but others were not. This suggests that there is considerable cell-type specificity for the enhancers in conjunction with the delivery system. Future work will be required to determine the precise mode of action of the identified enhancers. Our results argue that more than one mechanism can be exploited and pose a number of questions. First, by which mechanism compounds like BADGE are able to reduce the size of the LNPs without reducing the siRNA payload? Second, which are the molecular targets of the compounds improving uptake? Third, by which mechanisms can siRNAs escape from endosomes? Clearly, the pharmacological approach needs further development to improve delivery across multiple delivery systems and cell types for therapeutic applications. However, there is another important aspect of this approach that may have more far reaching implications. It provides the possibility to learn from the mechanism of action of the compounds and establish common principles for improving the uptake and escape from endosomes. One possible approach is to directly measure the escape of siRNAs from the lumen of endosomes in an in vitro assay in the presence of the compounds (63, 74) . The assay could shed light on the membrane integrity (74) , dependence on membrane fusion and transport. Understanding these mechanisms in more detail may provide the means of using a rational approach either to improve the existing or to design a new generation of delivery systems.
